Abstract The development of therapeutic antibodies represents a revolutionary change in medical therapy for digestive diseases. Beginning with the initial studies that confirmed the pathogenicity of cytokines in inflammatory bowel disease, the development and application of therapeutic antibodies brought challenges and insights into their potential and optimal use. Infliximab was the first biological drug approved for use in Crohn's disease and ulcerative colitis. The lessons learned from infliximab include the importance of immunogenicity and the influence of pharmacokinetics on disease response and outcomes. Building on this foundation, other therapeutic antibodies achieved approval for inflammatory bowel disease and many more are in development for several digestive diseases. In this review, we reflect on the history of therapeutic antibodies and discuss current practice and future directions for the field.
Introduction
The development of the technology to create targeted therapeutic antibodies marked a turning point in the ability for gastroenterologists to treat complex digestive diseases.
Since the technology was initially developed in the 1970s, therapeutic antibodies have taught physicians and scientists multiple lessons regarding the detailed workings of human physiology and pathology. The technology and scientific evidence have progressed so significantly that therapeutic antibodies now comprise the standard-of-care for inflammatory bowel disease. The clinical application of therapeutic antibodies provides opportunities and challenges for the field to refine treatments that improve the lives of patients. In this review, we reflect on the historical development of therapeutic antibodies for digestive diseases and consider the lessons learned that inform future therapies.
Development of Infliximab
The history of treatments for inflammatory bowel disease spans two eras, each of which was defined by revolutionary changes in medical management. The introduction of steroid treatment defines the first revolution, which enabled clinicians to manage the inflammation that propagated disease manifestations and was notably associated with a reduction in mortality associated with IBD [1] . The second revolution in treatments for inflammatory bowel disease began with the Food and Drug Administration (FDA) in the USA granting regulatory approval for infliximab. This era of therapeutic antibodies created new opportunities for safe and effective treatment, but also challenged researchers to consider a new paradigm for drug dosing, defining treatment targets, and conducting clinical trials. Infliximab represented the culmination of decades of rigorous basic science and translational research that ultimately benefited patients.
The development of infliximab began with the convergence of research on the cytokine tumor necrosis factor & M. Anthony Sofia masofia@uchicago.edu alpha (TNFa) and the refinement of scalable chimeric antibody technology. TNFa exists in membrane-bound and soluble forms that bind to specific TNFa receptors that mediate the release of numerous pro-inflammatory cytokines. Although the cytokine's name ''tumor necrosis factor'' refers to its initially observed ability to lyse murine tumor cells, later investigation revealed that it has significant effects on metabolism and inflammation [2] [3] [4] . While the biological significance of TNFa was under investigation, researchers created mouse hybridoma technology with the intention to generate specific antibodies for therapeutic application [5] . Nevertheless, initial human studies of antibodies created by this new technology faltered due to immune reactions directed against the therapeutic antibody itself [6] . Even at this early stage in development, the science revealed the challenge of maintaining tolerance to such therapeutic antibodies. Chimeric antibodies were developed to meet this challenge by fusing mouse variable domain regions to human constant regions [7] . By the early 1990s, the stage was set with the emerging understanding of TNFa in inflammatory diseases and the technology to target this protein with chimeric antibodies. Soon, infliximab (initially called cA2), an antibody with high in vitro specificity for soluble and transmembrane-bound TNFa was developed [8] [9] [10] . Promising findings in model systems progressed to the use of infliximab in human subjects with inflammatory bowel disease. Initial studies of infliximab for Crohn's disease revealed remarkable efficacy, with a majority of patients achieving normalization of Crohn's disease activity index scores and endoscopic healing of ulcerations [11] . Large, randomized controlled trials of infliximab in Crohn's disease and ulcerative colitis further supported these findings, demonstrating benefit for both induction and maintenance of response and remission [12] [13] [14] [15] [16] [17] . Infliximab was granted orphan drug status and became the first FDAapproved medication for Crohn's disease in 1998 [18, 19] . It was also the first FDA-approved medication for Crohn's disease for which long-term safety data were available. Several studies now report that infliximab is safe and well tolerated over years of therapy [20] [21] [22] . Notably, infliximab does not increase the risk for malignancies or for mortality [22, 23] .
While infliximab generated enthusiasm for its efficacy, a significant proportion of patients did not respond to this therapy. One of the early reasons identified for this problem was due to the development of antidrug antibodies related to the immunogenic potential of the antibody, a challenge that has been recognized since the first clinical use of therapeutic antibodies. Antibodies to infliximab are associated with an increased risk for infusion reactions and a decreased duration of response [24] . Adding an immunomodulator such as azathioprine can improve efficacy and reduce immunogenicity of infliximab [25, 26] . Some data also suggest that adding an immunomodulator can overcome the formation of antibodies to infliximab and recapture efficacy [27] . These findings were translated into the use of combination therapy in regular clinical practice.
The additional reason for lack of or loss of response to infliximab was due to the pharmacokinetics of infliximab and other monoclonal antibodies. Data derived from the pivotal trial of infliximab in Crohn's disease revealed that episodic treatments are less effective than scheduled maintenance doses [28] . A high inflammatory burden also contributes to low serum drug levels [29, 30] . Drug clearance is influenced by high tissue TNFa concentrations, low serum albumin concentration, and infliximab loss into the stool [31] [32] [33] [34] . In response to these findings, proactive drug monitoring became a subject of intense investigation; for example, accelerated infliximab dosing for acute, severe ulcerative colitis can reduce short-term colectomy rates [35] . Meanwhile, a proactive strategy for therapeutic drug monitoring and drug level-targeted infliximab dosing led to a greater probability of clinical remission in Crohn's disease [36] . These findings solidified the importance of pharmacokinetic monitoring in the optimal management of infliximab therapy, which now serves as a model for the management of disease treatment with other therapeutic antibodies.
The development of infliximab also introduced objective disease outcomes and novel ethical considerations that advanced clinical trial design. Objective disease outcomes are now an integral component of any clinical trial for inflammatory bowel disease in part due to the data derived from trials of infliximab. Clinical trials of infliximab in ulcerative colitis demonstrated efficacy for inducing grossly visible mucosal healing, termed endoscopic remission [15] . Later studies showed that endoscopic remission was associated with superior clinical outcomes [37, 38] . At present, objective outcomes are increasingly being used to support the efficacy of new therapies [39] .
At the same time, new ethical considerations emerged from the pivotal trial of infliximab in Crohn's disease. Investigators demonstrated significant benefit to scheduled infliximab dosing over episodic dosing [16, 28] . By the end of this study, 30% of patients with episodic dosing developed antibodies to infliximab that considerably increase the risk for decreased efficacy and the development of hypersensitivity reactions [40, 41] . Clinical trial participants received the drug during the trial, but could not continue the drug outside the trial until the drug was FDA approved, effectively providing episodic treatment with consequent induced immunity against the therapy. The volunteer subjects of initial clinical trials had contributed to the advancement of the field, but due to their limited exposure and high risk of immunogenicity, would then be unable to benefit from the therapy after it became available in the clinic. With this new knowledge, ethically sound clinical trial design changed to require the option to receive the study drug beyond the duration of the trial [42] . The experience with infliximab altered the development of drug investigational methods that now serve as the standard for future clinical trials in inflammatory bowel disease.
As the first therapeutic antibody for use in inflammatory bowel disease, infliximab is almost as important for the challenges it presented as it is for its efficacy (Table 1) . By addressing these challenges, the study of infliximab in inflammatory bowel disease ushered in a new paradigm for the management of IBD specifically and other digestive diseases more generally.
Currently Available Therapeutic Antibodies in Digestive Diseases
Inflammatory Bowel Disease Several other therapeutic antibodies are now approved for inflammatory bowel disease in the years following the regulatory approval of infliximab. The human-derived antiTNFa antibody, adalimumab, was originally developed for therapy of rheumatoid arthritis and represents the next significant development in therapeutic antibodies in IBD. Adalimumab was the first therapeutic antibody developed using phage display technology, which enables rapid screening of candidate antibodies for specificity toward a target protein [43] . It was also the first human antibody approved for use in inflammatory bowel disease. Clinical trials showed that adalimumab is effective for treating Crohn's disease and ulcerative colitis [44] [45] [46] [47] [48] [49] [50] [51] . Similarly to infliximab, additional pharmacokinetic studies showed that antibodies to adalimumab predicted Crohn's disease recurrence [52] . As well, adding an immunomodulator for combination therapy may recapture response to adalimumab [53] . With multiple approved and available antiTNFa antibodies, it is common that patients will have treatment with several agents within the class. Previous response to infliximab is a significant predictor of response to adalimumab in ulcerative colitis [54] . Similarly, prior development of antibodies to infliximab is associated with later developing antibodies to adalimumab [55] . Although there have been no head-to-head studies, a recent retrospective comparative effectiveness study suggests that infliximab and adalimumab are of comparable effectiveness [56] .
In addition to adalimumab, the class of anti-TNFa antibodies for inflammatory bowel disease continued to expand and now includes certolizumab pegol and golimumab. Certolizumab pegol differs from infliximab and adalimumab in that it is composed of a humanized TNFa specific Fab conjugated to polyethylene glycol [57] . Humanized antibodies are created by replacing human complementarity-determining regions with mouse-derived components, while maintaining the remainder of the human antibody [58] . Humanization in theory may lead to a lower frequency of developing antidrug antibodies [59] . Certolizumab pegol is approved for use in Crohn's disease to achieve induction and maintenance of symptomatic response and improvement of quality-of-life measures [60] [61] [62] [63] [64] [65] [66] . Certolizumab pegol may differ from other TNFa antibodies since, due to its structure, it does not induce apoptosis in monocytes. It also may not achieve adequate therapeutic drug concentrations with standard dosing [67, 68] . Whereas certolizumab pegol is approved only for moderate-severe Crohn's disease, golimumab is a human TNFa antibody approved for moderate-severe ulcerative colitis. Clinical trials demonstrated efficacy with achieving clinical remission and mucosal healing specified as ''endoscopic improvement'' [69, 70] .
The latest advances in therapeutic antibodies for inflammatory bowel disease target other mechanisms of intestinal inflammation. Natalizumab is a humanized antibody directed against a4 integrin and therefore inhibits both a4b7 (target is MAdCAM) and a4b1 (target is VCAM). It is approved for treating both multiple sclerosis and Crohn's disease. This was the first therapeutic antibody to target leukocyte adhesion molecules to treat Crohn's disease [71] [72] [73] . Natalizumab is effective, but since it carries a small risk for reactivation of the John Cunningham (JC) polyoma virus, it has been restricted for use only [73] . Further investigation led to the development of vedolizumab, a humanized antibody that targets a4b7 integrin, which is specifically active in the intestinal endothelium [74] . Vedolizumab is effective for the induction and maintenance of remission for both moderate-severe Crohn's disease and moderate-severe ulcerative colitis [75, 76] . In addition to leukocyte adhesion, IL-12 and IL-23 have emerged as therapeutic targets in IBD. Ustekinumab is a human antibody targeting the p40 subunit of both IL-12 and IL-23 that has demonstrated efficacy for treating moderate-severe Crohn's disease [77, 78] . It was originally FDA approved for use in psoriasis and recently achieved regulatory approval for Crohn's disease [79] .
Liver Disease
Therapeutic antibodies are useful in the management of liver transplantation. Muromonab CD-3 (OKT-3) was the first monoclonal antibody approved for clinical use, originally developed to treat acute rejection in liver transplant recipients. Although it was efficacious for reversing steroid-resistant acute rejection and preserving renal function, in comparison with the standard-of-care for immunosuppression in the 1980s, *85% of patients developed antibodies to muromonab due to its murine origin, which severely limited its utility and increased risks of infusion reactions [80, 81] . In the 1990s, interleukin-2 receptor antagonism (IL-2RA) emerged as an alternative therapeutic strategy for reducing the likelihood of acute rejection and potentially lessening exposure to toxicity from steroids and calcineurin inhibitors [82, 83] . IL-2 activates lymphocyte proliferation. Basiliximab and daclizumab are therapeutic antibodies that target the IL-2 receptor a chain, also called CD25. Basiliximab is a chimeric antibody, whereas daclizumab is a humanized antibody. Notably, basiliximab clearance correlates with the cumulative volume of ascites drained in the first week following dosing [84] . In adult liver transplant patients, the number needed to treat (NNT) to prevent one acute rejection is 15, whereas the NNT to prevent one steroid-resistant rejection is 29 [85] . Nevertheless, the NNT in pediatric liver transplants to prevent one episode of acute rejection is 3.6 [86] . Despite these short-term benefits, systematic reviews of IL-2RA in adult and pediatric liver transplants did not find a difference for either graft loss or patient death.
Future Directions Inflammatory Bowel Disease
The future of therapeutic antibodies for inflammatory bowel disease includes continued development of antiintegrin antibodies, antibodies directed against other cytokines, and the introduction of biosimilar medications. Building on the success of natalizumab and vedolizumab, etrolizumab is the latest drug in development that targets leukocyte trafficking. Etrolizumab is a humanized antibody targeting the b-7 subunit of a-4-b-7 and a-E-b-7 integrins delivered by self-injection. It is efficacious and safe for ulcerative colitis according to phase I and II studies [87, 88] . It is now in phase III clinical trials for Crohn's disease (NCT02394028) and ulcerative colitis (NCT02165215, NCT02171429, NCT02100696). There is also an ongoing study of etrolizumab in combination with adalimumab for ulcerative colitis (NCT02163759) and another comparing etrolizumab to infliximab for ulcerative colitis (NCT02136069). The results of these studies may not only increase therapeutic options for inflammatory bowel disease, but they have the potential to introduce new strategies for combining therapeutic antibodies and personalizing treatment.
In addition to TNFa and lymphocyte adhesion molecules, there are other therapeutic targets under investigation including IL-23 and matrix metalloproteinase (MMP)-9. Following the recent approval of ustekinumab for Crohn's disease, monoclonal antibodies that specifically target IL-23 are in various stages of development (AMG 139, BI 655066, MEDI 2070). Alternatively, GS 5745 is a humanized antibody targeting MMP-9, a proteolytic enzyme whose expression and activity correlate with ulcerative colitis disease activity [89, 90] . It is currently in a phase II clinical trial for Crohn's disease (NCT02405442). A combined phase II/III clinical trial for ulcerative colitis (NCT02520284) was discontinued due to meeting pre-specified futility criteria.
Biosimilars are biological products that are highly similar but not identical to a reference biological drug and have no clinically meaningful differences in efficacy or safety. Biosimilar substitutes for therapeutic antibodies commonly used in inflammatory bowel disease are already achieving global regulatory approval. Their emergence in the marketplace presents important challenges not yet addressed in the history of therapeutic antibodies since they do not share the identical chemical structure with the originator compound and thus have expected differences in posttranslational glycosylation. Since biosimilar medications share similar immunogenicity with the originator compound, unidirectional switching is tolerated for infliximab and adalimumab biosimilars [91] [92] [93] [94] . Nevertheless, there is no evidence to support true interchangeability, which requires the safe and tolerable switch from originator to biosimilar and back again. Recent studies of infliximab biosimilars indicated efficacy and safety similar to the infliximab originator [95] [96] [97] . Importantly, antibodies to infliximab also recognize biosimilar infliximab [98] .
These data, though reassuring, are not conclusive. Additionally, biosimilar medications approved for other indications have received regulatory approval without specific studies in patients with inflammatory bowel disease, a concept known as ''extrapolation''. An adalimumab biosimilar was approved in 2016 based on evidence derived from studies in rheumatoid arthritis and psoriasis [99] . It has now achieved regulatory approval from the FDA, but importantly is only approved as a biosimilar, not as an interchangeable product [100] . Post-approval pharmacovigilance will be important for determining the optimal use of biosimilar medications. Future studies will evaluate the consequences of elective switching between biosimilar and originator compounds. It is also unknown whether this exchange is exclusively unidirectional. These and other unforeseen challenges await clinicians as biosimilar products are brought to market.
C. difficile Colitis
Therapeutic antibodies are now the subject of investigation for application to Clostridium difficile colitis. C. difficile infection can complicate the use of broad-spectrum antibiotics, causing a severe infectious toxigenic colitis rising in incidence and incurring significant morbidity and mortality [101] . Human monoclonal antibodies that neutralize C. difficile toxins A and B, lower TNFa levels and improve survival in preclinical mouse models are currently under investigation [102] [103] [104] . A phase II study compared treatment with monoclonal antibodies against toxins A and B combined with standard antibiotic treatment to antibiotic treatment alone. The treatment group had lower recurrence incidence, particularly in patients with recurrent C. difficile infection [105] . Recently, bezlotoxumab, a monoclonal antibody against C. difficile toxin B, was recommended for approval based on phase III trial data presented to the FDA [106] . However, enrollment for the trial arm of actoxumab, the antibody directed against C. difficile toxin A, ended early by the recommendation of the data monitoring committee following an interim analysis. In the published FDA briefing document, the presented data show bezlotoxumab is effective for reducing the recurrence of C. difficile infection compared to placebo when added to standard-of-care treatment. Bezlotoxumab was not immunogenic in both healthy subjects and patients with C. difficile infection. Despite these encouraging data, continued research will help determine the optimal indication for bezlotoxumab in the treatment of C. difficile infection.
Liver Disease
There are ongoing studies investigating novel uses for the therapeutic antibodies vedolizumab and simtuzumab in liver disease. Although vedolizumab is already approved for use in ulcerative colitis and Crohn's disease, a belief exists that its mechanism of action may confer efficacy for the treatment of primary sclerosing cholangitis, prompting the planning of a clinical trial to further investigate this supposition [107, 108] . In addition to vedolizumab, simtuzumab is a novel humanized therapeutic antibody that targets the lysyl oxidase-like 2 (LOXL2) enzyme, the expression of which correlates with hepatic fibrosis. Clinical trials are currently underway to determine whether simtuzumab can prevent progression of fibrosis in nonalcoholic steatohepatitis, fibrotic liver disease secondary to viral hepatitis, and primary sclerosing cholangitis [109, 110] .
Eosinophilic Esophagitis
The allergic mechanism of eosinophilic esophagitis is also a potential target for therapeutic antibodies. Although the monoclonal antibody against IL-5, mepolizumab is approved for asthma with an eosinophilic phenotype, and studies have considered its use for eosinophilic esophagitis [111] . Limited studies demonstrate that mepolizumab reduces intraepithelial eosinophils in children and adults, though efficacy with reducing symptoms is lacking [112, 113] .
Pharmacoeconomic Considerations of Biological Therapy
Although therapeutic antibodies are a significant cost driver in modern healthcare, their use is an investment in improved patient outcomes and cost-effective strategies are emerging for better resource utilization. As biological therapies for inflammatory bowel disease become more common, the costs of caring for this patient population shift from hospitalizations and surgeries to medical therapy [114, 115] considering the lower odds of hospitalization associated with biological drug use [116] . It is vitally important to understand that this new paradigm represents an ethically optimal change from reactive, illness-driven care to proactive, preventative care. Unfortunately, the investment cost increases scrutiny from payers that unfortunately choose to withhold approval of effective therapy in order to increase short-term cost savings. The field is reacting to shortsighted cost containment from payers by developing the tools to improve efficient use of scarce resources. The first step in efficient care is choosing the appropriate initial drug. There is evidence to support infliximab as the current first choice due to its relative costeffectiveness, although this calculation can vary based on drug and infusion-related costs [117] . Further, dose optimization can reduce over-and under-treatment. Greater understanding of pharmacokinetics is leading to individualized drug dosing that is cost saving and clinically efficient [118, 119] . Furthermore, targeting objective disease outcomes also improves effective drug dosing and costeffectiveness [120] .
Conclusions
The development of therapeutic antibodies is among the greatest advancements in modern medicine. Their impact is particularly notable in the digestive diseases. While initially becoming established in inflammatory bowel disease, indications for the use of therapeutic antibodies are expanding into more disease states and targeting a growing number of cellular mechanisms. The development of infliximab exemplifies the value of rational basic science, preclinical, and post-approval research that has broad implications. Currently available treatments expand and reinforce this new paradigm (Table 2) . Finally, emerging therapies will continue to challenge investigators and clinicians to provide disease-specific, proactive, and efficient medical treatment (Table 3 ). The true impact of therapeutic antibodies resides in their ability to alter the natural history of these complex diseases and improve the lives of patients around the world. 
